We have used purified mouse ih aunoglobulin light chain mRNA and synthetic DNA dich is complementary to it to assess the reiteration frequency of gene sequences corresponding to the K constant region of the mouse immunoglobulin light chain. These studies indicate that the constant region sequence is represented only two to three times per haploid mouse genome, a finding that rules out a simple stringent germ line mechanism which would require the constant region sequence to be represented hundreds if not thousands of times. Hybridization studies involving laI-labeled myeloma light chain mRNA yield interesting results which may eventually permit us to distinguish between the remaining somatic mutation and recombinational germ line hypotheses. These results reveal a major component of relatively unique frequency and a minor component with a reiteration frequency of approximately 30 to 50 copies per haploid genome. As discussed, these results do not permit us to distinguish unambiguously between a germ line model and a type of somatic mutation model that permits germ line genes corresponding to each K subgroup. The results do, however, clearly rule out the existence of thousands of variable region sequences so closely related to the MOPC-41 V-region as to permit extensive stable cross-hybridization.
Introduction
The functional responsibilities of the immune system include the potential to respond-with great specificity-to a virtually limitless array of antigens. Almost as a minimum, one must postulate that the immune system has the potential to produce a million different antibody molecules-each fairly specific and each subject to some form of regulation which ensures that the correct antibodies are produced in very large amounts in response to specific antigenic stimuli. We have been interested in determining how this vast amount of information is organized in the cellular genome and how we can account, in genetic terms, for the tremendous diversity encoded in the immune system. Many structural and serologic studies carried out over the last decade have provided an important insight into the way specificity and, thereby, diversity are built into the antibody molecule. A given class of antibody molecules can have absolutely identical amino-acid sequences in their C-terminal halves, but all differ in their N-terminal regions. It is this Abbreviations: cDNA, complementary DNA; Cot (or Crt) is defined as the concentration of DNA (or RNA) in annealing reaction X the time of incubation and is expressed as moles X sec/ liter; C-region, constant region of immunoglobulin; V-region, variable region of immunoglobulin. * This paper was presented at the Annual Meeting of the National Academy of Sciences in Washington, D.C. on April 22-24, 1974. It was presented in A Symposium on Organization and Tranmcription of the Eukaryotic Genome. 5109 variable portion of heavy and light chains that forms the antibody combining site and, hence, gives the antibody molecule its unique specificity. The major questions, then, confronting modern immunology are how this diversity arises, how immunoglobulin genes are organized, and how their expression is regulated.
A number of distinguished geneticists and immunologists have provided a variety of very useful genetic models to account for the diversity of antibody molecules (see refs. in 1). These models fall into three general categories which are depicted diagrammatically in Table 1 . Our representation of these models is based on the reasonable assumption that about 1000 light chains and 1000 heavy chains could combine to give a million different antibody molecules which would represent a reasonable antibody repertoire (2) . The simplest, and in many ways most appealing model, is a stringent germ line hypothesis which holds that each immunoglobulin subunit, light and heavy chain (we shall restrict our arguments to the light chain, inasmuch as analogous arguments hold for the heavy chain) is represented, intact in the genome of every cell of the organism. Thus, 1000 light chain sequences would require 1000 variable region genetic sequences immediately adjacent to the 1000 constant region genetic sequences. In contrast to this straightforward model, the remaining two major hypotheses, the recombinational germ line hypothesis and the somatic mutation hypothesis, have incorporated a critical feature originally suggested by Dreyer and Bennett (3), namely, that variable and constant regions are encoded by two separate genes which are (or whose products are) ultimately joined to one another to form an intact immunoglobulin sequence. These models differ from the stringent germ line hypothesis in that they require only one or very few copies of the constant region gene sequence. They differ from one another in that the recombinational germ line hypothesis holds that immunoglobulin diversity has arisen through evolutionary processes so that the variable regions are represented individually in the germ line and thus in every cell of the organism. The somatic mutation hypothesis, in contrast, holds that diversity has arisen-at least in partduring somatic differentiation; and, therefore, only very few copies of the variable region sequences are required in the germ line since these will differentiate during somatic development.
The three models differ clearly from one another in the number of constant and variable gene sequences which they require. The stringent germ line hypothesis requires many copies of the constant region sequences, the remaining hypotheses require very few. The recombinational germ line hypothesis and the somatic mutation hypothesis differ from one another in that the former requires many more copies cor- responding to variable region sequences than the latter. On the basis of these expectations, it is quite clear that we could begin to distinguish between these models were we able to quantitate the immunoglobulin constant and variable region gene sequences. Our studies and those of a number of other laboratories have, in fact, been directed towards this goal (1, (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . This paper reviews the progress we have made.
Experimental strategy
Our approach to this problem has relied heavily on our previous studies that examined the organization and regulated expression of mammalian globin genes (12) . In previous studies, we and others have successfully translated the immunoglobulin light chain mRNAs derived from mouse myeloma tumors (4-9, [13] [14] [15] [16] . This work, interestingly, revealed that the immunoglobulin light chain was synthesized in cell-free systems as a molecule longer than the mature, secreted form of the light chain, suggesting that light chain might be synthesized as a precursor (6, 9) . Since a convenient cell-free system was available for the purpose of assaying mRNA during its purification, the light chain message was then purified by the very simple stratagem of repeated oligo-(dT)-cellulose chromatography and sucrose gradient centrifugation (1, 9). The most highly purified mRNA thus obtained from the MOPC41 myeloma tumor ran, in polyacrylamide gel electrophoresis in formamide, as a single band, corresponding Table 2 ). We will discuss the evidence supporting this assertion below. (Fig. 2) . A similar analysis using mouse globin cDNA is shown for comparison. The result lends little room for ambiguity. The Cot11, value for MOPC41 cDNA is 1130 as compared to a Cotl/, value of 3000 for a "unique copy" mouse DNA. This corresponds to a reiteration frequency of 2.7 copies per haploid genome. The sharp thermal elution profile (Fig. 2, inset) indicates the closely matched nature of the hybrid formed. Similar analyses were carried out using [3H]cDNA and total DNA from a X chainproducing tumor, RPC-20, and from normal mouse liver. These results gave reiteration frequencies of 3.0 and 3. . mRNA is present at 10-to 100-fold excess over cDNA. Aliquots were taken at time intervals for the assay of the hybrid formed by Si nuclease digestion (27) . Thermal elution profiles (inset) were determined by hydroxyapatite chromatography (12) .
haploid genome, respectively, and, taken together, indicate that only two or three copies of the C-region gene are present per haploid genome. These are represented to the same extent regardless of whether the cells are actively producing K chains.
Naturally this result is not compatible with the stringent germ line hypothesis which requires many copies of the Cregion gene. It is, however, entirely consistent with one of the cardinal notions of the Dreyer-Bennett model which requires only a few copies of the constant region gene. Given the considerable data on the differences among mouse K chain Vregion amino-acid sequences, it seems clear that a minimum of 25 V-region sequences (and possibly many more) must be encoded in the germ line genome. These two conclusions force us to ask how these many V-region sequences can be joined to the few C-region sequences which we observed. The possibility that the polypeptide products of these genes are joined is ruled out by the .fact that V-and C-regions are encoded in a single mRNA molecule (1). The remaining stages at which this joining could occur would be at the level of mRNA or at Hybridization reactions and assays were carried out as indicated in the legend to Fig. 2 . Thermal denaturation was assayed by hydroxyapatite elution as described previously (12 shown.) The cDNA and cellular DNA were prepared as described (10, 12) , with the former having a specific activity of 4.6 X 107 dpm/,ug, and a base length of 630 as determined by alkaline sucrose gradient centrifugation. The hybridization procedure and SI nuclease assays were as described (38) , and were performed at DNA concentrations and salt concentrations appropriate for each portion of the kinetic curve (see below). The Cot values on the abscissa are those that would obtain at 0.18 M Na+ (26) (11, 20, 22, 23) . The interpretation of data obtained from such studies is necessarily limited by uncertainties regarding the purity of the hybridization probe and/or the portion of the hybridization curve representing the V-and Cregions. Inasmuch as the MOPC-41 mRNA preparation we have used appears pure by several criteria and the unique nature of the constant region sequence has been determined, we have carried out preliminary studies using intact 125I1 labeled mRNA (19) .
As we have indicated previously, the remaining hypotheses, the recombinational germ line and the somatic mutation, differ from one another in that the former requires many, possibly thousands, of variable region gene sequences whereas the latter requires few, perhaps a hundred or less. Whereas, these requirements are quite clear, there are consequences in terms of a hybridization experiment which require qualification. Referring to Table 1 we may ask what results might be expected from hybridization analyses were either model correct? The differences in amino-acid sequences between variable regions among the K subgroups are so great that we might not expect stable hybrid formation between sequences derived from different subgroups. Variable sequences derived from the same subgroup in which over 80% of the amino-acid sequences are identical, in contrast, would be expected to form stable cross-hybrids (12 (Fig. 4) Fig. 3 and diluted 4-fold at the initial temperature of the melt curve. The reaction mixture was kept in a glass test tube in a Haake circulating water bath, and kept at each temperature for 8-10 min prior to sampling. At each temperature, aliquots were withdrawn, diluted 50-fold into 0.3 M NaCl-30 mM Na-citrate and assayed for resistance to 60 ;sg/ml of RNase A, as described in the legend to Fig. 4 . The ordinate represents the % of the total cpm made single-stranded during the melting.
Thus far, hybridization studies in which the entire light chain mRNA is used have not permitted us to distinguish between the recombinational germ line and somatic mutation hypotheses. They do indicate, however, that we should be able to make this important distinction when our technology permits us to focus on the variable region sequence.
